We describe a current-mode circuit for Gabor-type image filtering which uses a differential representation where positive (on) and negative (on) signals are encoded using separate channels. Previous current-mode implementations represented positive and negative signals as variations around a constant bias at every pixel. However, this bias current has several disadvantages. First, variations in it introduce significant additive fixed pattern noise to the output. Second, it dissipates power even with zero input. Third, if the output is encoded using the Address Event Representation, the bias current sets up a quiescent firing rate which loads the bus. The architecture proposed here alleviates these problems since a zero signal is encoded as nearly zero current in both channels. On the other hand, the transistor count and the address space are doubled. Measurements from a 1 by 25 pixel array with a cell size of 64um by 540um was fabricated in the AMI1.5um process available through MOSIS. Quiescent power dissipation was 5uW total.
INTRODUCTION
2D Gabor filters have been used to model the receptive field profiles of orientation selective neurons in the visual cortex. These filters have also been used as front end pre-processing stages for applications such as image motion analysis, and texture and face recognition. Typically, the input image is convolved with a set of Gabor filters tuned to different orientations, where the magnitude of the filter output is large where the filter orientation matches that in the input image.
The impulse response of a Gabor filter is a complex exponential waveform modulated by a Gaussian function. A Gabor-type filter has a impulse response which is a complex exponential modulated by any low pass function, e.g. in 1 D h(n) = ff,E!e-AQInIeiQn 2
(1)
This filter is tuned to respond maximally to a spatial frequency Q with gain H n > O and 6dB half bandwidth ACl> 0 . A focal plane implementation of an analog VLSI current mode circuit implementing Gabor-type spatial filters, with impulse response (1) was reported in [I] , where the real and complex parts of the filter output were each represented as the variation in a single current around a quiescent bias value. However, this bias current has several disadvantages. First, variations in this bias current due to mismatch add significant fixed pattern noise to the output. In [l] , the measured fixed pattern noise in the output was 26%-38% of the: bias current. Second, the array dissipates power even with zero input. Finally, if the array output is encoded using spik-. ing neuron circuits for inter-chip transmission via the: Address Event Representation (AER) protocol, the bias contributes to a mean spiking rate which loads the AER bus even with a zero input signal.
SINGLE CURRENT ARCHITECTURE
In this section, we briefly review the current mode Gabortype spatial filtering architectures which used a single current to represent each signal [l] . For clarity, we assume I D images throughout the paper and refer to [ 11 for the exten-. sion to 2D.
The filter output can be expressed as the solution to the following set of equations:
where n is the pixel index, ilw(n) and i j ( n ) are the real and1 imaginary parts of i(n) and 
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which can be implemented using the block diagram shown in Figure 2 . By eliminating the negative gains, we ensure (3) where each variable is encoded differentially. The circuit implementations of each block are similar to those shown in Figure 1 , except the circuits are doubled to process the positive and negative components separately.
that the currents in the diffuser network are always positive and eliminate the need for the constant bias current. However, this adversely affects the stability of the array, as shown below.
By subtracting the second equation from the first and the fourth equation from the third, we can verify that i,(n) and ii(n) satisfy (2). For a complete characterization of the output, we must also consider the common mode response. Define the common mode components of the input to be u,(n) = 0.5 (u+(n) + u.(n)) and similarly for irc(n) and iic(n). Adding the first two and second two equations in (3), we obtain Assume an infinite array and define 
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Differential On-Off Architectures
To avoid the instability in the common mode component, we add circuits which limit the common mode signals. Each of these circuits takes two unidirectional input currents and outputs two unidirectional currents where the difference between the two output currents is the same as the difference between the two input currents, but one of the output currents is close to zero. Mathematically,
A transistor circuit which approximates this function is shown in Figure4. This circuit limits the common mode component of the signal to oae half the magnitude of the diifferential component.
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EXPERIMENTAL RESULTS
A 1x25 pixel array was fabricated using the architecture shown in Figure 5 using th.e AMI 1.5um process available thorough MOSIS. The layout of the Gabor processing circuits occupied 64um x 540um. The layout was deliberately
Gabor-type filtering with Onloff circuits to suppress instability in the common mode component.
made narrow and tall maximize the number of pixels which could be implemented on the 2.2" by 2.2" die. Quiescent power dissipation was 5uW total (20OnW per pixel) at a power supply voltage of 5V. Figure 6 shows the measured results from the array to a spatial impulse input. The array is tuned to R = 0.37~ and AR = OSR , which is in the unstable region of the linear differential architecture, indicating that the onloff circuit is effective in suppressing the instability of the linear architecture.
CONCLUSION
We have described a differential current mode implementation of Gabor-type spatial filtering which alleviates some of the problems encountered with a single ended architecture, at the expense of doubling the hardware complexity. Because the common mode response of a simple linear differential implementation is unstable for a large part of the desired filter parameter space, it is necessary to add a nonlinear element to limit the common mode response. Measured results from a 1x25 pixel array confirm proper operation. 
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